Electroreduction of aryl halides loaded on the Pd-immobilized activated carbon and/or activated carbon cloth proceeded smoothly by using a newly designed stacked-type cell to give the corresponding dehalogenated arenes.
Introduction
Aromatic halides have been widely used as pesticides, synthetic dyes, liquid crystals, dielectric and coolant fluids for transformers, and capacitors. However, some of the aromatic halides such as PCBs and wastes derived from them such as dioxins have caused severe environmental problems. Several detoxification methods of the aryl halides have been developed including reductive dehalogenation of the aromatic halides via chemical and electrochemical methods. In chemical dehalogenation, metal reductants such as Na, 1 Mg, 2 and Ni-Al, 3 metal hydrides such as NaBH 2 (OC 2 H 4 OMe) 2 4 and NaBH 4 , 5 organometallics such as BuMgBr, 6 and inorganic reductants such as N 2 H 4 /Pd/C 7 have been used. Electroreductive dehalogenation of aryl halides has been also examined so far. 815 Advantages of electroreduction are as follows. 1) Dehalogenation proceeds under room temperature and atmospheric pressure.
2) The reaction is carried out by passing required electricity without any chemical reductants, and no wastes from the reductants are generated.
Activated carbon has a large surface area, and has been used to trap the troublesome aryl halides in waste gases and water from industrial plants, garbage incinerators, and so on. Though activated carbon has high conductivity, and the adsorbed aryl halides on activated carbon can be reduced electrochemically using granulargraphite electrode, 16 the current efficiency is very poor presumably because contact of activated carbon to the electrode is not efficient. In this paper, we describe a new stacked-type cell as illustrated in Fig. 1 , in which, the activated carbon may keep close contact with the cathode to facilitate electroreductive dehalogenation of aryl halides.
Results and Discussion
A mixture of 1% Pd on activated carbon 17 (Pd/AC, 250 mg) adsorbing 4-chlorophenyl hexyl ether (1a, 0.25 mmol) and a small amount of aqueous solution of sodium perchlorate (0.1 M, ca. 3 mL) was kneaded. The stacked cell was prepared as follows ( Fig. 1) . A square-cut soft-Teflon sheet (b), used as a spacer and frame for activated carbon, was placed on the SUS cathode [(a), 15 cm 2 ]. The Pd/AC (c) was packed in the hole of the Teflon sheet (b). The Pd/AC was covered with a filter paper (d) as a separator, and the SUS anode (e) was placed on the filter paper. The whole apparatus was pinched with end plates (f ) to form the stacked cell. The electroreduction was carried out under constant current conditions with gentle flow of methanol solution of NaOH (flow rate: 4 mL/min). After 2 F/mol-1a of electricity was passed, the Pd/AC was rinsed with toluene to give dechlorinated product 2a and homocoupling product 3a in 72 and 8% yields, respectively, whereas 6% of 1a was recovered (Table 1 , Entry 1). The current efficiency of the total dechlorination (2a + 3a) was improved to 76% by using the stacked-type cell, wherein the activated carbon would closely contact each other to pass the electricity over the whole activated carbon efficiently and uniformly. 18 When the electroreduction was carried out without flow of methanol solution of NaOH (0.1 M), the applied voltage increased immediately from 1.5 to 40 V, and the electrolysis could not be continued. 19 When Na 2 CO 3 and NaCl were used as a supporting electrolyte, the yield of 2a was decreased to 12 and 20% (Entries 2 and 3), respectively. A small amount of 3a (8%) was obtained with NaClO 4 (Entry 4), whereas no reaction occurred by using CF 3 CO 2 H (Entry 5).
The electroreduction proceeded using an activated carbon cloth (ACC, Kuraray) bearing Pd (50 mol%-1a) ( Table 2 ). Since the activated carbon cloth had a close contact with the cathode, the applied voltage kept constant about 1.5 V throughout the electrolysis under constant current conditions (50 mA), and 26% of 2a and 3% of 3a were obtained with 59% recovery of 1a (Entry 1). When the current increased to 100 mA, 2a and 3a were obtained in 53 and 7% yields, respectively (Entry 2), whereas selectivity of 2a over 3a was improved when current decreased to 10 mA (Entry 3). Amount of Pd catalyst was examined (Table 3 , Entries 1, 2, 3, and 4). Activated carbon cloth bearing 1 w% (10 mol%-1a) of Pd promoted the electroreduction of 1a to give 2a in 72% yield (Table 3 , Entry 3). However, Pd catalyst was indispensable for this reaction: no reaction occurred without Pd catalyst, and 1a was recovered quantitatively (Entry 4).
Besides methanol, water, ethanol, and isopropyl alcohol could be used as a solvent: 2a was obtained selectively in good to moderate yield (Table 3 , Entries 5, 6, and 7), whereas the reaction in t-BuOH scarcely proceeded and 69% of 1a was recovered (Entry 8). Methanol, ethanol, and isopropyl alcohol would be oxidized on the anode as a sacrificial anodic reaction to promote the electrolysis smoothly.
The anode materials also affected the current efficiency and selectivity (Table 4) . When the electroreduction was carried out using Al anode, 2a was obtained in 75% yield (Entry 1). The electroreduction of 1a proceeded with Zn, SUS430, and Ni anodes to afford 5057% yield of 2a and 010% of 3a. Electroreduction using Sn and Cu anodes did not proceed efficiently to give 2a in moderate yield (ca. 30%), and the starting material 1a was recovered in ca. 60% yield. The results and standard potential of each metal are compiled in Table 3 . It is found that the reaction proceeds easily with electrodes having highly negative standard potential. During the electroreduction, however, significant corrosion of Al and Zn anode was observed, and SUS430 was chosen as an electrode material.
The scope and limitation of the present electroreductive system was examined (Table 5 ). The electroreduction was performed using 0.3 w% Pd on the active carbon cloth (3 mol%-1) with flowing ethanol solution of NaOH. Substrates having an electro-donating group such as hexyloxy (1a and 1b, Entries 1 and 2) and phenoxy (1c and 1d, Entries 3 and 4) groups at p-position gave the corresponding protonated product 2 and/or coupling product 3 in good yields. Electroreduction of aryl chlorides 1a and 1d gave 2a and 2b predominantly (Entries 2 and 4), whereas that of aryl bromides 1b and 1c gave the corresponding biaryl (homo-coupling products) 3a and 3b in 39 and 14% yields (Entries 1 and 3) . Electroreduction of 4-chlorobiphenyl 1e also proceeded to give 2c in moderate yield (Entry 5), and MeOH as a solvent gave 2c almost quantitatively (Entry 6). In contrast, substrates having an electronwithdrawing group such as carbonyl group 1f and 1g gave 2d in moderate yields, and the starting materials were recovered in 1826% yields.
In conclusion, electroreduction of aryl halides 1 using a newly designed stacked-type cell proceeded smoothly to give the corresponding dehalogenated arenes 2 in good to moderate yields. Electroreduction of aryl chlorides gave 2 predominantly, whereas that of aryl bromides gave the corresponding biaryl (homo-coupling products) 3 in some extent. Activated carbon and/or activated carbon cloth were used as a adsorbent of the substrate and Pd catalyst. Activated carbon (cloth) is highly conductive and becomes 
